ABSTRACT: In order to assess the role of different environmental parameters in the population dynamics of marine invertebrates in the Arctic, we examined seasonal variation in individual biomass, shell growth, and mass production of somatic and reproductive tissues of immature and maturing scallops Chlamys islandica suspended in culture nets at 15 and 30 m depth in SW Greenland from May 2007 to October 2008. All 3 parameters varied both seasonally and between depths. Individual shell growth rate and biomass were poor proxies for the actual mass growth rate on a seasonal scale. Minimum and maximum mass growth rates were observed from November to February and in April-May, respectively. Simultaneous monitoring of biotic and abiotic parameters in the water column made it possible to establish a growth model relating variation in mass growth rate to variation in environmental conditions. The best-fit model (R 2 = 0.71) indicated that total mass growth rate depended on chlorophyll a concentration, carbon-to-nitrogen ratio of seston, and water temperature. While availability of high-quality food items affected growth positively, the growth model indicated a negative effect of increasing temperature on the mass growth rate of C. islandica. These results indicate that scallops in SW Greenland are resource-limited and that elevated temperature through its effect on metabolic costs reduces growth efficiency. Hence, it is most likely that the growth capacity of C. islandica in SW Greenland is either never realized or only attained for short periods of time (hours to days) under the present conditions. KEY WORDS: Bivalve · Scallop · Temporal dynamics · Production · Food availability · Sub-Arctic · Pectinid · Temperature · Shell growth
INTRODUCTION
The strong seasonality in the Arctic is known to be a major component affecting the life cycles and survival strategies of animals at all trophic levels (e.g. Conover & Huntley 1991 , Heide-Jorgensen et al. 2003 , Rysgaard & Nielsen 2006 . However, studies of temporal variation in the structure and function of the marine ecosystem in the Arctic are relatively few. Partly due to the logistical challenges in Greenland, long-term monitoring programs covering all seasons have not been initiated until recently (www.G-E-M.dk), resulting in little knowledge of the coupling between environmental variation and ecological characteristics in this region. Benthic macrofauna has been recognized as important for carbon cycling in the Arctic marine ecosystem (e.g. Grebmeier et al. 2006 , Sejr & Christensen 2007 . Still, very little is known about the relation between benthic population dynamics and the seasonality of their habitat.
Reduction of the seasonal sea ice cover (spatial extent, duration, and thickness) and increased freshwater input from land are direct consequences of the ongoing warming of the Arctic (Peterson et al. 2002 , Johannessen et al. 2004 , Hanna et al. 2008 , Lindsay et al. 2009 , McPhee et al. 2009 ). Both factors have the potential to directly or indirectly affect the magnitude and the seasonal dynamics of marine primary produc-tion (Rysgaard et al. 1999 , Dagg et al. 2004 , Wassmann et al. 2006 , Arrigo et al. 2008 , potentially leading to altered food conditions for secondary producers. Low temperature is considered an important component of high-latitude marine environments, affecting physiological rates of ectotherms at all trophic levels (Gillooly et al. 2001) . Thus, it might be expected that future changes in ocean temperature and food availability in the Arctic will affect the productivity of secondary producers (Blicher et al. 2007 ). However, the combined effect may not be straightforward. Hence, it is still debated whether the apparent temperature-dependence of the basal metabolism of ectotherms is solely a consequence of thermodynamics, or if the processes involved in metabolism have been subject to evolutionary adaptation to maximize production in a given environment, i.e. maximizing the difference between energy intake and metabolic costs (e.g. Clarke & Johnston 1999 , Gillooly et al. 2001 , Clarke 2003 . In any case, it seems likely that the effect of increasing temperature on organism growth is dependent on the ability of an organism to compensate for the elevated metabolic cost of maintenance through increased energy assimilation. This ability is likely to differ between taxa, functional groups, and life styles, but is ultimately dependent on resource availability (Clarke 2003 , Clarke & Fraser 2004 . This is in accordance with Harrington (1987) , who suggested that a latitudinal cline in growth of the venerid bivalve genus Protothaca in the NE Pacific was related to the length of the period during which individuals could feed.
Feeding experiments have indicated that the filterfeeding bivalve Hiatella arctica from high-Arctic NE Greenland is resource-limited in its natural environment and is highly capable of increasing energy assimilation in response to increased phytoplankton concentrations despite temperatures < 0°C (Sejr et al. 2004) . In another study compiling all previously published estimates of pectinid metabolic rates across latitudes, a relation between mean ambient temperature (range: 0 to 25°C) and standard metabolic rate was established, demonstrating a Q 10 of 2.97, thus indicating tight coupling to temperature. However, temperature did not explain variations in growth performance, suggesting decreased growth efficiency with increasing temperature (Heilmayer et al. 2004) . Still, Heilmayer et al. (2005) argued that growth rates of juvenile Antarctic scallops Adamussium colbecki were positively affected by temperature; unfortunately, however, their study did not take into account the potential role of food.
Another filter-feeding bivalve, the scallop Chlamys islandica, is a circumpolar species occurring in coastal areas and fjords off the entire west coast of Greenland (Pedersen 1994) . It is regarded as an ecologically important species (Blicher et al. 2009 ). Feeding experiments in northern Norway have indicated that seston composition can affect the absorption efficiency of C. islandica, and thus potentially influence the growth rate of this species (Vahl 1980) . Moreover, oxygen consumption in actively feeding specimens did not relate to ambient temperature in a laboratory study (Vahl 1978) , indicating that other factors, such as food availability, are potential key drivers of metabolic activity, as suggested for Antarctic sea urchins (Brockington & Clarke 2001) . The objective of the present study was to describe the variation in individual production of C. islandica suspended in cages in the field, in relation to seasonal and spatial variation in temperature, salinity, and food availability in a sub-Arctic fjord. We hypothesized that, on a seasonal scale, bivalve growth was resource-limited. However, if bivalves were not limited by food availability the alternative hypothesis was that temperature, through its effect on physiological rates and filtering capacity, affected growth positively.
MATERIALS AND METHODS
Experimental setup. Chlamys islandica specimens were collected using a triangular dredge in the outer Kobbefjord, SW Greenland, at 50 to 60 m depth in May 2007 (Fig. 1) . After collection, bivalves were immediately transferred to containers with aerated seawater. Scallops were then tagged individually with numbered shellfish tags (4 × 8 × 0.15 mm, Hallprint) on the upper shell (Ross et al. 2001) . Tags were attached near the shell margin with a cyanoacrylate adhesive after dabbing the shell dry with a towel. Shell heights (SH) of all specimens were measured with digital callipers to the nearest 0.01 mm, and the scallops were divided into 2 initial size groups, representing: (1) immature (15 ≤ SH ≤ 35 mm), and (2) maturing bivalves (35 < SH ≤ 55 mm) (Blicher et al. 2009) , and transferred to lantern box nets (FUKUI type, Coastal Aquacultural Supply) with tiers of 0.2 m 2 each and 12 mm mesh size. We allowed scallops to cover no more than 25% of the tier area, i.e. a maximum of 10 and 20 individuals per tier for size groups 2 and 1, respectively, which was similar to the densities observed in the natural environment (Blicher et al. 2009 ). A total of 752 scallops, equally represented by the 2 size groups, were tagged. Lantern nets were deployed in the outer part of the Godthåbsfjord (Fig. 1 ) using anchors and buoys to keep the lanterns suspended 5 m above the sea floor (Narvarte 2003) . Each of the 2 size groups was suspended at 2 different depths, 15 and 30 m, respectively. Thus, we analysed 4 separate groups, differing in size and/or deployment depth. Obviously, the sizes of the scallops changed during the experiment due to growth, but in the text we use the terms Group 1 and Group 2 to refer to the initial SH size groups of the scallops. In the beginning of August 2007 we moved the lantern nets to Kobbefjord (Fig. 1) for reasons explained in 'Results -Environmental parameters'.
Sampling and calculations. After an initial recovery period of ~2.5 mo, we measured SH of each tagged scallop at approximately monthly intervals until the end of the experiment in October 2008. Scallops were carefully retrieved from the lantern nets and placed in aerated sea water at ambient temperature, after which SH was measured quickly using digital callipers before individuals were placed in the lantern nets again. Thus, for each individual we were able to calculate the average shell growth rate, G s (mm d -1 ), in any given monthly period:
(1) where SH 1 and SH 2 are individual SH (mm) at times 1 and 2, respectively, and Δt 12 is the number of days between times 1 and 2. In order to establish a general shell growth function, size increment data (SID) for a complete seasonal cycle, from August 2007 to August 2008, were fitted to a modified specialized von Bertalanffy growth model (Brey 2001 ), at SH:
The ratio between the observed individual shell growth rate, G s , and the predicted shell growth rate, Ĝ s , in a given period during the year was regarded as an index of shell growth rate, GI s :
At each sampling date we sub-sampled 10 specimens from each size group and depth for the analysis of biomass. Immediately after sampling, we carefully dissected the scallops into gonad and somatic tissue (adductor muscle, digestive gland, mantle, and gills). Dry mass (DM) was determined by drying at 60°C for 72 h. In order to obtain a general relation between SH and DM we fitted biomass-at-size data obtained from a total of 13 sampling dates through a period of 17 mo to the allometry equation: (5) Where DM pred is the predicted DM, a is the intercept, and b is the slope. The general relations between (1) SH and gonad mass, DM gonad , (2) SH and somatic mass, DM somatic , and (3) SH and total tissue mass, DM total were used to calculate individual index values for biomass, BMI: (6) where DM obs is the observed individual DM, and DM pred is the DM predicted from Eq. (5). Average BMI (BMI 33 ) was calculated for each of 4 sub-samples (dependent on initial size and depth) at any given sampling date. This approach was based on the assumption of a common coefficient, b (Eq. 5) for all seasons. ANCOVA models containing the predictor variables SH (covariate) and sampling date (categorical), and the interaction term SH × sampling date, were used to test for seasonal variation in the relation between SH and BMI (somatic, gonad, and total). We estimated instan- ), in the period between sampling dates by combining (BMI 33 ) values with changes in individual SH:
Where G m,12 is the mass growth rate in the period between time 1 and time 2. DM pred is estimated from the observed individual SH, and (BMI 33 i(1) ) and (BMI 33 i(2) ) are average BMI at times 1 and 2, respectively, and i refers to the 4 combinations of depth (15, 30 m) and size group (1 and 2).
We wanted to be able to study the effect of key environmental drivers on the seasonal growth variation of scallops independent of potential differences in individual SH and changes in SH (due to growth) during the study period. A general function describing the effect of SH on the instantaneous mass growth rate, including a more sophisticated approach to variance, made it possible to remove any size dependence of our estimates of seasonal growth variation. Thus, we prevented any bias of the results caused by differences in SH between groups or changes in SH within groups during the 17 mo study period. Overall, the procedure ensured that data could be compared across the relevant spatial and temporal scales. This normalization of our data is described below:
The combined G m at SH data (somatic, gonad, and total, respectively) were fitted to an exponential model:
where Ĝ m is the predicted mass growth rate at size SH, and a and b are coefficients in the model. An error term, ε, was considered, such that (9) where G m is the actual mass growth rate. ε is assumed to be normally distributed with zero mean and a power relationship between its variance and SH: (10) where q and z define the variance. This is a flexible expression of variance, which implies potential heteroscedasticity. However, the expression contains, and can easily be collapsed to, the common simple forms, e.g. z = 0 gives homoscedastic errors, z = 1 gives standard deviation (SD) proportional to SH. Parameters were fitted by maximizing the joint likelihood of the ε values, ln(l) (e.g. Lebreton et al. 1992) .
The size-dependent mass growth data were normalized to a mass growth index, GI m , by dividing the observed deviation from the predicted mass growth rate with the modelled SD (Eq. 10), also known as a standard score (Larsen & Marx 2005) : (11) GI m = 0 is equal to the predicted mass growth rate, while GI m = ±1 means that the difference between the observed and the predicted mass growth rate equals ±1 SD. Average GI m ( 3 GI m ) was calculated for each of 4 groups (dependent on initial size and depth) for any given sampling period. The present study was specifically focused on producing comparable estimates of seasonal growth rates independent of size, which involved this rather complex process of normalization. However, values of GI m could easily be back-calculated to the more commonly used absolute mass growth rates; a calculation that provides the opportunity to describe in detail how size affects the ability to maintain a positive energy balance in different seasons.
Environmental parameters. Temperature was registered every 6 h at each culturing depth throughout the experimental period using temperature loggers (HOBO U22 Water Temp Pro v2, Onset Computer Corporation) mounted on each of 2 lantern nets. Approximately every 2 wk we took water samples with a Niskin-type sampler (KC-Denmark) for the analysis of photosynthetic pigments, and particulate carbon and nitrogen at the specific site and depth. This was supplemented with CTD casts (SBE 19+, Sea-Bird Electronics) specifically to measure salinity and generally to get a better spatial understanding of water column properties at the site.
Seawater samples from 15 and 30 m depth were filtered (Whatman GF/C, < 0.2 bar) for determination of chlorophyll a (chl a). The filters were extracted in 96% ethanol for 18 h in the dark. After extraction, the samples were analysed on a Turner Designs TD-700 fluorometer. Chl a in the samples was calculated in accordance with Parsons et al. (1984) .
Total particulate carbon (TPC) and nitrogen (PON) were measured on water samples filtered onto Whatman GF/C filters. After filtration the samples were dried at 60°C for 24 h and stored separately until analysis on an elemental analyser (ANCA-GSL, SerCon).
Coupling of growth to environmental variation. The total 3 GI m data set was used to construct a growth model relating environmental parameters (chl a, TPC, C:N, temperature, salinity, chl a:TPC, and interaction terms) to mass growth rate. Environmental parameters were averaged by interpolating linearly between data points, as illustrated in Fig. 2a -e, and dividing the integrated area between each scallop sampling by the number of days in the given periods. In this way, the estimates of GI m and environmental variables represented the same time intervals. The model selection process was based on minimizing the Akaike informa-
tion criterion (AIC) using a forward selection method. The relative model probability was examined with Akaike weights (W i ) (Johnson & Omland 2004) . Models were tested for autocorrelation structure (lag = 1). To examine the robustness of the results to the fact that data were sampled at 2 different depths, dummy variables for depth were added to the model. Data were analyzed using SAS statistical software (SAS Institute 2006).
RESULTS

Environmental parameters
During the initial study period from May to August 2007, it became clear that water column properties at 15 and 30 m depth at the deployment site did not differ as much as we expected. We concluded that the site was too exposed to give the intended variation in environmental parameters between depths, and as a consequence we relocated the lantern nets to a more protected site in Kobbefjord (Fig. 1) , where a pycnocline had established during spring and summer.
Temperature. The annual temperature cycle at 15 and 30 m depth is illustrated in Fig. 2a , which shows an amplitude ranging from -1.5°C at both depths in February and March to a maximum of 4.5 to 6°C at 15 m depth and ~3°C at 30 m depth in late summer and early autumn. The time of the relocation of lantern nets from the exposed site to the more protected site in Kobbefjord is easily recognized; in August 2007 the temperature at the 2 depths was very similar indicating a well-mixed water column. The sudden decrease in temperature at 30 m marks the relocation to the Kobbefjord site where the water column was more stratified.
Salinity. Seasonal dynamics in the freshwater runoff from land caused differences in salinity between 15 and 30 m depth during summer. The lowest salinity was observed in summer 2007. During the entire study period, salinity ranged from 29.5 to 33.5 (Fig. 2b) .
Chl a. A phytoplankton spring bloom was observed in May 2007 and May 2008, when chl a concentrations peaked at 2 to 3 µg l -1 followed by declining concentrations at both 15 and 30 m depth. A second bloom occurred in August -September at 15 m in both years, while chl a concentrations at 30 m declined continuously during the late summer to a minimum of ~0.01 µg l -1 during winter (Fig. 2c) .
TPC. The concentration of TPC at 15 and 30 m depth in Kobbefjord ranged between ~0.06 and ~0.5 mg l -1 in winter and spring-summer, respectively. Distinct peaks were observed in spring at both depths in 2007 and 2008 (Fig. 2d ). ), (e) C:N ratio (mol:mol). Arrow in Fig. 3a marks the time of relocation of scallops C:N. There was a clear seasonal cycle in the C:N ratio in Kobbefjord. From April to October, C:N values were relatively low, ranging from ~5 to ~8.5 at both depths. Values increased throughout autumn and winter to a maximum of ~14.5, until they steeply decreased again at the onset of the phytoplankton growing season (Fig. 2e) .
Tag retention and mortality
The highest tag loss and mortality of scallops was, not unexpectedly, observed in the recovery period following collection and tagging. Of the 752 tagged scallops 6 (0.8%) had lost their tags during the first ~2.5 mo after deployment. The number of dead specimens in the same period was 10 (1.3%), after which both mortality and tag loss remained at a constantly low level until the end of the experiment. During the entire study period of 17 mo, 14 tags were lost and 19 individuals died.
Overall patterns in biomass and growth
The general relations between SH (mm) and tissue DM (g) are given below, and illustrated in Fig. 3a: log e (DM pred somatic ) = -11.45 + 3.034log e (SH) (n = 502, R 2 = 0.93, p < 0.001) log e (DM pred gonad ) = -28.27 + 6.773log e (SH) (n = 496, R 2 = 0.85, p < 0. ) as a function of SH (Fig. 3b) , was:
Overall relations between SH and mass growth rate, G m , were established by maximizing the joint likelihood. The resulting growth model parameters are listed in Table 1 , and show decreasing growth rate with increasing size (b < 0). All 3 models gave heteroscedastic variation (z ≠ 0). The gonad mass growth rate model showed increasing SD with SH (z > 0), while the somatic growth rate model showed decreasing SD with increasing SH (z < 0). In combination, this resulted in a slightly negative z value in the total mass growth rate model (Fig. 4) .
These general models for biomass, shell growth rate, and mass growth rate as a function of SH provided a basis for describing the seasonal dynamics of these parameters.
Seasonal shell growth variation
Both size groups showed the same principal seasonal pattern in shell growth rate, with minimum valueŝ Shell height (mm) Fig. 3 . Chlamys islandica. (a) General relations between dry mass (DM, g) and shell height (SH, mm) for somatic and gonad tissues. (b) von Bertalanffy growth function SH pred = 94{1-exp(-5.9 × 10 -3 t)} estimated from size-increment-data (SID), and its first derivative, showing the average daily shell growth rate as a function of SH from January to April and peaking in autumn from August to November (Fig. 5) . However, scallops at 30 m depth had lower maximum shell growth rates than those at 15 m depth. This difference was most pronounced in 2007. For scallops in Group 2, the seasonal cycle in shell growth rate was interrupted by an abrupt decline in June-July 2008 concurrent with spawning (see 'Results -Seasonal variation in mass growth').
Seasonal variation in BMI
The ANCOVA tests did not reveal any statistically significant effects of SH or SH × sampling date on BMI (p > 0.05), indicating that season did not affect the slope, b in Eq. (5), and that BMI could be regarded as size-independent in all seasons. The annual cycle in the somatic biomass index, BMI somatic , of Chlamys islandica was characterized by a fast increase during spring from April to July-August followed by a more stable period during autumn. Winter was characterized by a slower but steady decrease until early April (Fig. 6a,b) . The variability of BMI 33 gonad values at the specific dates was higher than for BMI 33 somatic , but it was still evident that BMI of gonad and somatic tissues did not follow the same seasonal pattern. BMI 33 gonad at 30 m depth was relatively constant throughout the study period, while at 15 m depth we observed an increase in BMI 33 gonad from January 2008 to July 2008, where it declined abruptly (Fig. 6c,d ). This sudden decline was also reflected in BMI 33 total , which, apart from that, followed a pattern very similar to BMI 33 somatic (Fig. 6e,f) . BMI 33 s were generally at a slightly higher level at 15 m than at 30 m depth. This difference was most pronounced in autumn (October-November).
Seasonal variation in mass growth
We observed clear seasonal variation in GI m of Chlamys islandica. Values generally peaked in AprilJune and were lowest from November to March (Fig. 7) . Mass growth rates at 15 m and 30 m were similar during peak growth in spring, but differed in late summer and early autumn, with higher mass growth rates at 15 m than at 30 m depth. A single spawning event indicated by highly negative gonad GI m values independent of size group and depth, was registered in June-July 2008. Thus, scallops, which were immature at the beginning at the experiment (Group 1) were apparently maturing at the end of the study period. Table 1 for parameters of the functions
Coupling of mass growth rate to seasonal environmental variation
We corrected for the considerable biomass loss resulting from spawning in early July 2008 by assuming BMI gonad to have the same values as observed in the June sampling, thus removing the effect of spawning on the estimates of GI m . We did this to exclude any loss of biomass not directly related to the balance between energy intake and metabolic costs. Though not optimal, this approach prevented any bias of data and allowed us to focus on the effects of key environmental drivers on the energy balance of scallops.
Chl a was found to have a strong and statistically significant (p < 0.0001) positive effect on total GI m of Chlamys islandica (Model I, AIC = 80.4, r 2 = 0.66). However, this model indicated a statistically significant autocorrelation structure of the residuals (p < 0.05). Adding temperature as a second independent variable resulted in an increase in the model fit (Model II, AIC = 76.1, R 2 = 0.69), indicating a statistically significant negative effect of increasing temperature on the mass growth rate of scallops (p < 0.001). We obtained the best growth model fit by including C:N, which had a statistically significant negative effect (p < 0.001) on the mass growth rate (Model III, AIC = 72.1, W i = 0.55, R 2 = 0.71). Neither TPC, chl a:TPC, nor salinity had any statistically significant effect (p > 0.05) and increased the AIC (models not shown). Likewise, no interaction terms increased model fit significantly. We found no significant autocorrelation in Models II and III (p > 0.05) and the non-significant autoregressive parameters were backward eliminated. Dummy variables for depth were added to Model III to test the robustness of the model. The effect of depth was not statistically significant (p = 0.88), and neither size nor the statistical significance of the coefficients was affected by adding dummies to the model (Model IV, AIC = 72.9, W i = 0.37, R 2 = 0.72) ( Table 2) .
DISCUSSION
Mass growth rate in relation to environmental variation
The seasonal cycles of temperature and food availability (chl a, C:N, TPC) were partly decoupled in SW Greenland. The spring phytoplankton bloom went on at very low temperature (~0°C), followed by an increase in temperature and a late summer bloom at 15 m depth. This made it possible to distinguish between the effects of these factors on the growth rate of Chlamys islandica. Seasonal variation in the total mass growth rate of C. islandica correlated statistically significantly to food availability (chl a and C:N) and temperature. The forward selection procedure of regression models indicated that the concentration of chl a in the surrounding water column was the most important explanatory parameter for the variation in mass growth rate of C. islandica (Table 2) . Together with the fact that the effect of seasonal variation in C:N ratio was statistically significant, and that TPC was not, this result indicated that the availability of high-quality food items such as phytoplankton is essential for the mass growth rate of scallops. Other potential sources of food, such as sedimentary, resuspended, or allochtonous matter being partly degenerated, were apparently not utilized efficiently and were therefore of secondary importance in the study area. However, from Fig. 2c it seems highly likely that chl a and TPC covary, and this potential co-variation might account for the lack of significant effects of TPC using the forward selection procedure. Actually TPC correlated significantly to GI m (p < 0.01, R 2 = 0.42); however chl a was selected as the better predictor (Table 2) , and in the following steps TPC came out insignificant. In any case, although TPC did not come out as statistically significant in the growth model, low-quality food items might be of crucial importance during starvation in the winter period in order to maintain or minimize the loss of biomass. Our results are in accordance with Thorarinsdóttir (1994) who suggested that the growth season for Chlamys islandica in Iceland coincided with the period of high phytoplankton levels. Likewise, Harrington (1987) suggested that large-scale variations in the growth of the venerid bivalve genus Protothaca in the NE Pacific were caused by differences in the length of the period during which organisms could feed. This also agrees with a laboratory study of a high-Arctic clam Hiatella arctica at sub-zero temperature concluding that energy assimilation increased with chl a concentrations until an optimum at 8 µg l -1 chl a, which was never attained in its natural environment (Sejr et al. 2004 ). In comparison, maximum chl a concentrations found at our study site were 3 to 5 µg l -1 during blooms. Another proxy for the nutritional value of seston, the ratio between inorganic and organic particles (PIM:POM), was suggested to affect the energy balance of C. islandica in northern Norway by reducing the absorption efficiency at high fractions of PIM (Vahl 1980 , Wallace & Reinsnes 1985 . This indicated that C. islandica might be susceptible to elevated inputs of inorganic particles from land, and to resuspension of bottom material, which has been suggested for other bivalve species (Riisgård 2001 , Ellis et al. 2002 , Safi et al. 2007 ). In temperate and tropical areas the seasonal and short-term variations in metabolism and clearance rate, shell growth, condition, or mass production of bivalves have been studied intensively. Effects of current speed and wave exposure, particle size, as well as salinity changes have been suggested in some studies (Kirby-Smith 1972 , Roman et al. 1999 , Sobral & Widdows 2000 , Steffani & Branch 2003 . However, a number of studies have indicated that spatial or temporal variation in food availability, expressed either as the amount of chlorophyll, the organic or energetic content of seston, or total seston, is a major factor regulating the production of scallops (Macdonald & Thompson 1985 , Lodeiros et al. 1998 , Pilditch & Grant 1999 , Navarro et al. 2000 , Hunauld et al. 2005 . The importance of different proxies for the quality or quantity of food seems to vary depending on site and seston characteristics and on species. Other studies have reported either positive or negative effects of increasing temperature on the energy balance of bivalves within the normal range of habitat temperature (Witbaard et al. 1997 , Han et al. 2008 , Beukema et al. 2009 ). The growth rate of the bay scallop Argopecten irradians was independent of chl a concentrations (0.5 to 5.5 µg l -1 ) at low temperatures for its natural habitat (10 to 16°C), but became increasingly correlated with chl a levels at higher temperatures (22 to 28°C) (Kirby-Smith & Barber 1974), reflecting the increased metabolic costs at higher temperatures. In combination, the available studies support the idea of interrelated effects of temperature and resource availability on the energy balance of bivalves and other ectotherms (e.g. Clarke 2003) . It is well documented that elevated temperature increases the metabolic rate of ectotherms living within their thermal limits (Q 10 = 2 to 4) (Gillooly et al. 2001) , and pectinids are no exception (Heilmayer et al. 2004 ). Elevated physiological rates can be assumed to affect the filtering capacity of bivalves positively (e.g. Petersen et al. 2003) , thus increasing the potential consumption of food and the capacity for growth. On the other hand, in a food-limited environment (absolute or temporal) elevated physiological rates might turn into an energetic disadvantage, because the increased energetic demands cannot be completely compensated for by higher energy intake (Pilditch & Grant 1999 , Clarke 2003 , Clarke & Fraser 2004 . C. islandica in SW Greenland is well within the thermal limits of this species (Jonasson et al. 2004 ). Thus, the negative effect of increasing temperature on the mass growth rate of C. islandica, as suggested in the mass growth model in this study (Table 2) , supports the indication of resource limitation at the study site in SW Greenland. Hence, within the existing range of resource quality and quantity and temperature, the capacity for consumption or growth of C. islandica is either never realized or only attained for short periods of time. Instead, low water temperature (~0°C) provides the basis for Table 2 . Coefficients (± SE) and Akaike's information criterion (AIC) of the forward selected regression models for the effect of environmental parameters on mass growth (total GI m , n = 48) of Chlamys islandica. W i (AIC) = Akaike weight (model probability). Non-significant parameters (ns) were backward eliminated (except for control variables). *p < 0.05, **p < 0.01. Model III was the best-fit model with a model probability (W i ) of 55%. -: not included in model low metabolic costs of C. islandica during the starvation period in winter and for maximizing the growth efficiency during the spring phytoplankton bloom. Therefore, potential phytoplankton blooms during the warmer summer period, as observed in 2008, cannot be converted into mass growth as efficiently as in spring as a consequence of higher basic metabolic costs. This is illustrated with absolute values of mass growth rate in Fig. 8 , which describes visually how small changes in the seasonal dynamics of temperature and food conditions affect the energy budget of C. islandica. The yellow shaded area indicates the range of parameters given in the study area during [2007] [2008] . However, C. islandica is able to exist successfully under warmer conditions than the ones recorded in SW Greenland, e.g. in Norway and Iceland (Vahl 1978 , Thorarinsdóttir 1994 . For scallops there is no indication of an uncoupling of basal metabolism and temperature on a geographical scale (Heilmayer et al. 2004 ). Thus, increased metabolic costs in response to elevated temperature should be compensated for by higher energy assimilation, ultimately resulting in reduced growth efficiency at higher temperatures, which is implicit in our mass growth model and in agreement with a comparative analysis of scallop species living at different temperature regimes (Heilmayer et al. 2004) . On an evolutionary time-scale marine ectotherms are probably not selected for their high growth efficiency as much as for their absolute rate of new tissue production (Clarke 1993 , Pörtner et al. 2005 . However, it is evident that high energy efficiency is an effective way of maximizing absolute growth in a resource-limited environment like our study site in SW Greenland.
In conclusion, it is reasonable to suggest that, within the ranges of environmental parameters given in this study, the growth capacity of Chlamys islandica is determined by temperature. However, this growth capacity cannot be realized due to food limitations, which makes food fluctuations the most important factor for scallop growth in sub-Arctic Greenland.
Still, it is important for us to stress that the present study solely considers the effect of seasonal variation in environmental parameters on the mass growth rate of Chlamys islandica, not geographical variation nor long-term changes. The extent to which our results can be considered representative of other spatial and temporal scales as well as of other macrobenthic species is still to be tested. We are convinced, however, that the changes in seasonal dynamics of physical as well as biological structures are the basis for potential long-term changes of ecosystems, which in itself emphasizes the perspective of the present study.
Comparison of wild and suspended scallops
The overall shell growth pattern of the cultured scallops, as expressed through the von Bertalanffy growth function, differed from the wild population from 50 to 60 m depth in Kobbefjord (Blicher et al. 2009 ). Scallops growing in culture at 15 and 30 m depth have a markedly faster average annual growth rate and were able to reach a SH of 60 mm withiñ 5 yr, while it takes more than 10 yr to reach the same size in the local wild population (Blicher et al. 2009 ), which is similar to Svalbard and other localities in west Greenland. Wild populations in northern Norway, Canada, and Iceland reached 60 mm SH in 6 to 7 yr (Pedersen 1994 and references therein). Markedly increased growth rates of Chlamys islandica in suspended cultures at shallow depth compared to a natural population have been observed previously in Iceland (Thorarinsdóttir 1994) . Even though our mass growth model (Table 2) is based on data for suspended scallops, we believe that growth of scallops living under natural conditions on the seabed is affected by the same exogenous parameters as growth of scallops in a suspended culture. Based on the growth rate model we suggest that spatial differences in food availability and temperature are major causes of growth variation in scallops. In the present study, the suspended scallops were placed at depths near the subsurface peak in algal biomass observed during spring and autumn (Mikkelsen et al. 2008 ). In addition, wild scallops might episodically be faced with the challenge of resuspension of bottom material containing high amounts of inorganic material. However, in the natural environment in Greenland the abundance of C. islandica is low at depths < 20 m (Pedersen 1994 , Blicher et al. 2009 ), which indicates that other factors than the ones investigated in the present study prevent them from spreading to this seemingly favourable habitat. The distribution pattern may be affected by: (1) substrate-dependent settling indirectly related to depth; (2) depth-related differences in epi-growth (e.g. barnacles, macroalgae, sponges) with an effect on mortality on a longer timescale than our study; (3) other types of inter-specific competition or predation. Firstly, it is well-established that certain substrates are more favourable for settling of C. islandica than others (Harvey et al. 1993 , Arsenault & Himmelman 1996a ). In the study area C. islandica seems to prefer settling on coarse substrates or shell gravel (Pedersen 1994 , Blicher et al. 2009 ), and juveniles are often found attached to the inner side of old scallop shells (M. E. Blicher pers. obs., Arsenault & Himmelman 1996b) . Therefore, depthrelated changes in the sea bed structure might affect the distribution of C. islandica. Secondly, it has been suggested that epi-growth can be responsible for relatively high mortalities of scallops in otherwise favourable habitats (Lodeiros et al. 1998 ). In the wild population of C. islandica at 50 to 60 m depth in Kobbefjord we observed high epi-growth of primarily barnacles on the shells of some of the largest (> 75 mm SH) and presumably oldest individuals, potentially affecting their fitness. However, the scallops suspended at 15 and 30 m depth were not affected by epi-growth to any large extent, and differences between depths were not clearly detectable, even though filamentous macroalgae were more abundant on the lantern nets at 15 m compared to 30 m depth (not quantified). A third possibility is that scallops are prevented from spreading to a more favourable habitat by shallow-living competitors. In a previous study in Kobbefjord it was found that the sea urchin Strongylocentrotus droebachiensis dominated the epibenthic community down to 20 m depth. Thus, sea urchins and scallops were to a large extent separated vertically (Blicher et al. 2009 ). S. droebachiensis, which is very common in Greenland (Blicher et al. 2007) , can be an aggressive grazer on a variety of diets and produces barrens (Himmelman et al. 1983 , Meidel & Scheibling 1999 , Balch & Scheibling 2000 , Gagnon et al. 2004 , and might be a co-factor affecting the distribution of C. islandica. Also the crab Hyas areneus, which is common in the study area, can be an important predator on juvenile C. islandica, and field experiments have shown that the vulnerability of scallops to predators is highly affected by substrate and the possibility of finding refuge (e.g. crevices, dead shells) (Arsenault & Himmelman 1996b) The factors controlling the depth distribution of scallops are still unresolved, however. Even though we may have left out some potentially important factors affecting the overall success of Chlamys islandica in the ecosystem, the coupling of growth to food availability and temperature is still valid and can be considered important within the ecological niche of this species. Our conclusions are strengthened by the fact that the experiment was carried out in the natural environment, thus increasing the relevance on a broader ecological scale.
The use of proxies for seasonal mass growth
The present study also provides the opportunity to evaluate the use of biomass indices and shell growth as proxies for seasonal variation in production. These and other parameters have been used in a number of studies as alternatives to measures of actual soft tissue production (e.g. Wallace & Reinsnes 1985) . Though not always tested, the suitability of these proxies varies and is highly dependent on the experimental set-up, e.g. the temporal scale (Wo et al. 1999) . Our study of Chlamys islandica indicates a mismatch between tissue production and shell growth (R 2 = 0.01, p = 0.49, n = 48), which has been observed in other polar ectotherms (Peck et al. 2000) , potentially resulting in a decreasing biomass index (BMI) during a period with relatively constant individual biomass (Fig. 6e-h) . We observed the highest tissue growth rates in May, while shell growth did not peak until October (Figs. 5 & 7) , albeit showing similar tendencies with regard to differences between depths on an annual scale. This might be interpreted as a lag between tissue production and shell growth. However, a positive effect of temperature on the rate of elemental uptake into the shell of bivalves has been shown (Strasser et al. 2008) . Sea-sonal variation in shell growth rate of C. islandica in this study was positively correlated to temperature (R 2 = 0.63, p < 0.01, n = 48). However, at present it is uncertain whether this was a result of a causal relationship. In any case, neither seasonal variation in shell growth nor that in biomass index of C. islandica would be reliable proxies for the actual soft tissue production.
CONCLUDING REMARKS
Different concepts have been proposed regarding the relative importance of temperature and food availability for the population dynamics of polar marine ectotherms (Krogh 1916 , Clarke 2003 , Pörtner et al. 2005 ). Based on ecosystem monitoring studies and laboratory experiments, food limitation has been suggested to be a general phenomenon for Arctic macrobenthos (Ambrose & Renaud 1995 , Sejr et al. 2004 , Grebmeier et al. 2006 , Blicher et al. 2009 ). However, this apparent resource dependency has not been described in detail. In the present study, we observed a high degree of seasonal and spatial variation in the growth of Chlamys islandica, which was strongly linked to variation in food availability as well as temperature, confirming the initial hypothesis that this species is resource limited in SW Greenland, and that increased temperature through its effect on metabolic costs reduces growth efficiency. Thus, our study provides detailed information on the degree of seasonality and the processes controlling benthic production in the Arctic. The expected future shifts in annual temperature cycle, and changes in sea ice dynamics and in freshwater run-off potentially affecting the level of primary production in the Arctic area, are likely to affect the seasonal energetics of C. islandica, and consequences may be long-term. C. islandica might benefit from future climate changes in high-Arctic areas where reduced sea ice cover will increase primary production markedly, but water temperature will remain constantly low (~0°C). However, in warmer sub-Arctic areas the energetic outcome is expected to be more dependent on the timing between phytoplankton blooms and the seasonal temperature dynamics, which is difficult to predict at present. In conclusion, our results emphasize the importance of understanding ecological relationships on a short-term scale in order to be able to interpret long-term changes. 
